The N-methyl-D-aspartate (NMDA) receptor antagonist ketamine produces episodic memory deficits. We used functional magnetic resonance imaging to characterize the effects of ketamine on frontal and hippocampal responses to memory encoding and retrieval in healthy volunteers using a double-blind, placebo-controlled, randomized, within-subjects comparison of two doses of intravenous ketamine. Dissociation of the effects of ketamine on encoding and retrieval processes was achieved using two study-test cycles: in the first, items were encoded prior to drug infusion and retrieval tested, during scanning, on drug; in the second, encoding was scanned on drug, and retrieval tested once ketamine plasma levels had declined. We additionally determined the interaction of ketamine with the depth of processing that occurred at encoding. A number of effects upon task-dependent activations were seen. Overall, our results suggest that left frontal activation is augmented by ketamine when elaborative semantic processing is required at encoding. In addition, successful encoding on ketamine is supplemented by additional nonverbal processing that is incidental to task demands. The effects of ketamine at retrieval are consistent with impaired access to accompanying contextual features of studied items. Our findings show that, even when overt behaviour is unimpaired, ketamine has an impact upon the recruitment of key regions in episodic memory task performance.
Introduction
Exposure to N-methyl-D-aspartate (NMDA) receptor antagonists, such as phencyclidine and ketamine, evokes a range of symptoms and cognitive deficits that are redolent of schizophrenia (Krystal et al., 1994) . Ketamine is therefore increasingly used as a human pharmacological model to investigate the hypothesis that schizophrenia is characterized by glutamatergic hypofunction (Olney and Farber, 1995; Tamminga et al., 1995) . A critical area of investigation in this respect is episodic memory: a cognitive domain that has been repeatedly shown to be impaired under ketamine administration (e.g. Krystal et al., 1994; Malhotra et al., 1996; Newcomer et al., 1999; Radant et al., 1998; Hetem et al., 2000) . One way of specifying this impairment more clearly is through ever more precise memory manipulations (Morgan et al., 2004) . Another approach is to explore the modulations of memory-related brain activations that accompany ketamine administration. Functional imaging studies have shown that encoding and retrieval of episodic information involves frontal and hippocampal regions, which contain dense populations of NMDA receptors (Lepage et al., 1998; Fletcher and Henson, 2001) . Engagement of this system is sensitive to the 'depth of processing' (Craik and Lockhart, 1972) at encoding (Otten et al., 2001 ) and is associated with subsequent memory (Brewer et al., 1998; Wagner et al., 1998b; Fletcher et al., 2003) . Glutamate plays a critical role in this system: long-term potentiation in hippocampus and neocortex are blocked by NMDA antagonists (Morris et al., 1986) and episodic memory disruption is a prominent feature of ketamine administration. The goal of the current study was to specify the regional effects of ketamine upon brain responses in human episodic memory.
The study also has implications for schizophrenia. Episodic memory represents a core and enduring cognitive deficit in schizophrenic patients (Calev et al., 1983; McKenna et al., 1990; Heinrichs and Zakzanis, 1998) . Fronto-hippocampal dysfunction has been demonstrated in schizophrenia during both encoding (Leube and Erb, 2002; Eyler Zorrilla et al., 2003) and retrieval (Heckers et al., 1998; Weiss et al., 2003) of episodic information. A specific advantage of the ketamine model is that it allows the dissociation of impairments in encoding from retrieval processes, clearly not feasible within the context of the disease itself. This is particularly advantageous, as deficits in episodic memory in schizophrenia may be principally related to an impairment of encoding processes, due to a failure of semantic strategies (Calev et al., 1983; Gold et al., 1992; Brebion et al., 1997) . In accordance with this, the deleterious effects of ketamine on episodic memory have been related to a disruption of encoding new information, rather than its retrieval from information stores (Hetem et al., 2000; Honey et al., 2005) .
Our experimental design was motivated by a belief that functional neuroimaging representations of pharmacological effects demand careful matching of performance such that regional differences between on-and off-drug conditions are not interpretable in terms of overt performance differences. Of course, the implications of a functional neuroimaging difference in the absence of an overt behavioural difference may be debatable (for discussion, see Wilkinson and Halligan, 2004) . We suggest, however, that functional magnetic resonance imaging (fMRI) may provide an index of the drug effects that are hidden from measures such as performance accuracy. In this sense our fMRI observations are intended as a complement to, rather than a replication of, a behavioural psychopharmacology study. The current experiment was therefore designed on the basis of a previous purely behavioural study of the effects of ketamine on a related episodic memory task in which we made more wide-ranging manipulations in our encoding tasks (Honey et al., 2005) . This prior study showed that ketamine, at the doses used here, does indeed have an impact upon episodic memory and, on the basis of this study, we selected encoding conditions in which there was no overt impairment in order to characterize the sub-behavioural effects on frontal and hippocampal activity.
We used an event-related fMRI design to establish ketamine's effects upon encoding and retrieval-related brain activation. At encoding, we were interested in the drug's effects upon frontal and hippocampal activity in response to a depth of processing manipulation, and also whether it influences the extent to which activation in these areas is predictive of subsequent memory performance. In so doing, we aimed to identify the effects of NMDA blockade upon the cognitive processes that are intimately related to memory encoding. Our interest in retrieval was more exploratory and primarily attempted to establish whether, despite the behavioural evidence that the drug's deleterious effects are confined to encoding (Hetem et al., 2000; Honey et al., 2005) , it has any influence upon the brain systems engaged during recognition.
Materials and Methods

Subjects
Twelve right-handed healthy volunteers (six males) were recruited by advertisement. All subjects gave written informed consent prior to involvement and received an honorarium for participation. The research protocol was approved by the Addenbrooke's NHS Trust research ethics committee. No subject had a history of psychiatric disorders, serious medical illness or drug abuse in the last 12 months. Subjects had a mean age of 31.17 years (range 18--49), mean NART IQ of 104.67 (± 12.71) (Nelson, 1982) , were within 10% of ideal body mass index and spoke English as their primary language.
Subjects undergoing this study also carried out a working memory study: these data are reported elsewhere (Honey et al., 2004) 
Experimental Design
The study was a double-blind, placebo-controlled, randomized, withinsubjects comparison of fixed steady-state doses of intravenous ketamine. An unblinded clinician prepared and administered the infusions, but was not involved in clinical or cognitive testing. Subjects attended on three occasions receiving a different infusion on each occasion (saline, 50 ng/ml plasma ketamine and 100 ng/ml plasma ketamine). Order of infusion was counterbalanced across subjects. The use of a within-subjects design could lead to contamination of results by longer-lasting effects of ketamine. Scanning sessions for each subject were 7 days apart in order to minimize this.
Infusion Protocol
Prior to testing, bilateral upper extremity intravenous catheters were inserted, one for ketamine infusion, the other for serial blood sampling for plasma ketamine levels. Racemic ketamine (1 mg/ml solution) was administered by bolus and continuous infusion using a computerized pump (Graseby 3500, Graseby Medical Ltd, UK). The pump was programmed (Anaetech Ltd, UK) to deliver a rapid bolus dose ( < 60 s) followed by varying infusion rates to achieve constant estimated target plasma concentrations of 50 or 100 ng/ml, using pharmacokinetic parameters of a three-compartment model described by Domino et al. (1982) . At the conclusion of testing (~1 h later) target plasma levels were reduced such that estimated plasma ketamine levels 90 min following behavior testing would be~28 ng/ml in both dosing groups (see below). Blinding of each subject and the investigator performing the clinical assessments was assured by use of the same infusion pump and pump adjustment schedule on all three study days programmed by a single investigator not involved in cognitive assessment.
Peripheral venous blood samples were drawn on three occasions: 10 minutes after the infusion began, at the completion of the study phase for list 2, and at the end of the test phase for list 2 (~60 min postencoding list 1; see Fig. 1 ). The latter two measures only are relevant to the testing reported here and we will present results from these only. In total, subjects were maintained on ketamine for~1 h. Blood samples were placed on ice, plasma obtained by centrifugation, and plasma samples stored at -20°C. Ketamine plasma levels were measured by gas chromatography--mass spectrometry (Kharasch and Labroo, 1992) .
Episodic Memory Task
Study items consisted of 720 words selected from the MRC psycholinguistic database (www.psy.uwa.edu.au/mrcdatabase/uwa_mrc.htm), and divided into three sets used for each of the three study visits, matched for frequency of occurrence in written English (Francis and Kucera, 1982) . Items were counterbalanced across foil and targets, as well as across tasks and drug dosage. Words were visually presented on a computer screen, using DMDX (Forster and Forster: www.u.arizona. edu/~jforster/dmdx/official.htm). The two experimental manipulations (encoding versus retrieval and depth of processing) were made as follows:
(i) Exploring Separately the Effects of Ketamine on Encoding and Retrieval During each visit, subjects were presented with two lists, each consisting of 90 words, constituting two separate study phases; the two lists were used to assess separately effects of ketamine on encoding and retrieval. The design is summarized in Figure 1 . The first encoded list (list 1) was presented prior to drug infusion. Recognition of these items was then tested~60 min after drug administration was initiated. A second study list (list 2) was presented to subjects for encoding while steady-state infusion was maintained. The estimated plasma ketamine level was then allowed to decline and retrieval was tested 1 h later.
Encoding and retrieval each occurred in the presence and absence of ketamine. fMRI data were acquired during the recognition phase of list 1, and during the encoding phase of list 2. We will refer to these as the Retrieval and Encoding conditions respectively. Observed disruption of neurophysiological responses induced by ketamine during retrieval of list 1 items could be confidently attributed to a direct effect on retrieval processes, given that encoding occurred prior to drug treatment. The success of encoding of list 2 items under ketamine was measured by testing subsequent retrieval after the infusion had been stopped and the ketamine plasma level had significantly reduced.
(ii) Depth of Processing Manipulation Each of the 90 item lists comprised 45 items for each of two study tasks, corresponding to subjective binary judgements of pleasantness (pleasant/unpleasant; deep encoding) or number of syllables (even/odd); shallow encoding). Each item was preceded by an instruction ('Pleasant?' or 'Syllables?') to specify the corresponding decision required, and to further dissociate the task requirements, the deeply encoded items were presented at the top of the screen, while shallowly encoded items were presented at the bottom (in half the subjects, the positions were reversed). Subjects indicated a yes/no ('yes' if pleasant/even number of syllables) response via a keyboard. Items were presented in a randomized order for 3.5 s, with an interstimulus interval (ISI) of 2 s. These two levels of encoding were selected on the basis of findings from our prior study, indicating that ketamine disrupts recognition of items within an intermediate window of depth, whereas very deeply encoded items and items recognized on a sense of familiarity, rather than recollection of contextual detail, are not affected (Honey et al., 2005) . We therefore intended that item recognition would not be disrupted at the behavioural level in this study, in order to avoid the issue of interpretation of drug-related changes in the context of confounding behavioural deficits.
Recognition memory was tested for each of the study lists~1 h subsequent to the corresponding study phase. For each list, subjects were presented with 135 sequentially presented items, comprising the 90 items presented at study, and an additional 45 new items which the subject had not previously seen. Items were presented in the centre of the screen for a duration of 3.5 ms (ISI = 2.5 ms). Participants were instructed to press one of two buttons on a keypad to indicate whether each item had been previously presented during the study phase.
fMRI Data Acquisition Imaging data were collected using a Bruker Medspec (Ettlingen, Germany) scanner operating at 3 T. T 2 *-weighted echo-planar images, depicting BOLD contrast, were acquired in each session (TE, 27.5 ms; TR, 1.1 s). 21 slices (each of 4 mm thickness; interslice gap, 1 mm; matrix size, 65 3 64) per image were acquired. For the Retrieval condition, 530 whole-brain volumes were acquired; for the Encoding condition, 360 volumes were acquired. The first six EPI images in each session were subsequently discarded to avoid T 1 equilibration effects.
fMRI Data Analysis fMRI data were analysed using statistical parametric mapping (SPM2; Wellcome Department of Cognitive Neurology, London, UK). This included slice acquisition time correction, within-subject image realignment, spatial normalization to a standard template (Friston et al., 1995) and spatial smoothing using a Gaussian kernel (8 mm full width at half-maximum). The time series in each session was high-pass filtered (to a maximum of 1/120 Hz).
Events were specified as occurring at the presentation of the verbal stimulus. For the Encoding condition, events were designated both according to the task instruction at presentation (deep versus shallow) and according to subsequent performance (post-scanning) on the recognition memory test (subsequently remembered versus subsequently forgotten). Four event types were therefore modelled: 'deep encoding/remembered, 'deep encoding/forgotten, 'shallow encoding/ remembered' and 'shallow encoding/forgotten'. For the Retrieval condition, events were identified according to whether or not the word had been previously presented during the study phase (old versus new); whether or not the word was correctly identified as old or new and, if the word was old, whether prior encoding had been deep or shallow six event types were therefore modeled: 'new item/correct', 'new item/ incorrect', 'deep encoding/correct', 'deep encoding/incorrect', 'shallow encoding/correct' and 'shallow encoding/incorrect'. Each of these event types were separately modelled using a canonical, synthetic haemodynamic response form (Friston et al., 1998) . This function was used as a covariate in a general linear model in order to generate a parameter estimate for each voxel for each event type.
fMRI Comparisons
Encoding Ketamine Effects on 'Depth of Processing' Activations. We contrasted brain responses to deeply encoded items with responses to shallowly encoded items. We were then able to explore the influence of ketamine on these activations.
Ketamine Effects on Brain Activations Predictive of Subsequent Memory (Dm). In order to estimate brain responses signifying successful encoding we sorted trials according to whether words were subsequently recognized or not [the 'difference due to subsequent memory' (Dm) effect]. We were then able to compare successful with unsuccessful encoding trials and to determine the effects of ketamine upon these activations Retrieval Ketamine Effects on Activations Reflecting Depth of Prior Encoding. For old items only, we compared the brain activations for those items that had been subject to the deep encoding task with those that had been subject to the shallow task.
Ketamine Effects on Correctly Identified Compared to Incorrectly Identified Items. Items which were correctly identified as either old or new items were contrasted with those which were incorrectly identified as old or new.
Ketamine Effects on Old versus New Items. Items which had been previously presented at encoding were contrasted with new items which had not previously been seen.
Identifying Task Effects and Drug-by-Task Interactions
The linear combinations of parameter estimates for each contrast were stored as separate images for each subject. These contrast images were entered into a second level one-sample t-test to permit inferences about condition effects within the placebo group, treating inter-subject variability as a random effect. Based on findings from a number of similar previous studies we restricted our analyses to regions that have shown task related activation during episodic memory encoding and retrieval (for review, see Fletcher and Henson, 2001) . We therefore constructed a region of interest (ROI) involving bilateral frontal cortex, incorporating Brodmann regions 9, 10, 11, 44, 45, 46 and 47, and bilateral hippocampi and parahippocampal gyri (areas 28, 35 and 36) (Maldjian et al., 2003) . For these a priori regions of interest, a threshold of P < 0.005, uncorrected for multiple comparisons, was set for these analyses. In order to reduce type I error, a limit was set of >5 voxels for activated foci.
Analysis of drug effects was conducted using a within-subjects repeated-measures analysis of variance (ANOVA) model. We identified and explored dose-dependent drug--task interactions using a linked series contrasts. First, we established regions showing drug effects on task-related activations for each of the contrasts described above using voxel-wise F-tests (confined to the frontal and medial temporal masks described above). Second, we excluded regions in this system in which there was no significant effect of the higher dose of ketamine compared to placebo. We note that this strategy of analysis will not identify regions for which observed differences at the repeated measures ANOVA are due to differences between the 50 ng/ml ketamine condition and placebo, where no differences are evident between placebo and the 100 ng/ml condition. We accept this limitation on the basis that such effects were not predicted a priori, and have not been previously reported in the literature. We therefore constrain our analysis to regions demonstrating a significant effect of the 100ng/ml condition, and examine dose-related effects only in these regions. Third, for those regions satisfying these two criteria (in which there was a significant drug by task interaction and an effect produced by the higher dose of the drug alone), we plotted parameter estimates across the three conditions (placebo, 50 ng/ml ketamine and 100 ng/ml ketamine) in order to identify the profile and dose-dependence of the drug effect.
A final stage of the analysis sought to determine whether observed treatment effects represented a modulation of normal task-related activation/deactivation, or an effect outside this network. That is, we determined whether the drug-by-task interaction occurred in a region that was sensitive to the task under placebo only or whether it occurred in a region that was not activated (or deactivated) under placebo conditions. We used a masking procedure to determine areas of overlap between placebo and drug effect. As this stage was not inferential, our primary concern was to avoid type II error, therefore these analyses were thresholded at P < 0.05 uncorrected, in order to detect activation in the placebo data that may be evident below conventionally accepted statistical thresholds. In reporting each of the drug effects, we report also whether the effect occurred within system activated under placebo, or outside it.
Behavioural Data Analysis Accuracy of recognition was indexed by the discrimination accuracy measure Pr, [probability of a hit (P hit ) minus probability of a false alarm (P false alarm )]. Discrimination accuracy was then compared separately under each of the drug treatments using a repeated-measures 3 (drug) 3 2 (level of processing) ANOVA model, applied separately to data from list 1 (Retrieval Effect Condition) and list 2 (Encoding Effect Condition).
Results
Plasma Levels
Plasma level sampled during the infusion closely reflected those predicted by the pharmacokinetic model, with a mean of 47.7 ng/ml in the 50 ng/ml dose condition and 102.3 ng/ml in the 100 ng/ml dose condition.
For the 50 ng/ml condition, the mean plasma level sampled 1 h after infusion had ceased, subsequent to the test phase for list 2, was also in line with the predicted reduction in plasma level to a target of 28 ng/ml (29.6 ± 8.3 ng/ml); this was slightly higher in the 100 ng/ml condition (41.6 ± 7.6 ng/ml). It is important to note that the effect of ketamine upon the activation during encoding and retrieval reported in this study are unaffected by the slightly increased residual levels of drug measured 1 h subsequent to the end of the scanning session.
Behavioural Results
For the encoding condition, there was a significant main effect of depth on reaction time, with slower responses for the syllables judgment (shallow encoding condition) compared to the pleasant/unpleasant judgment (deep encoding condition) [repeated-measures ANOVA; F(1,11) = 19.469, P < 0.001] (see Table 1 ). This is in line with a large number of previous studies, and indicates that the mnemonic advantage associated with deep encoding is not simply attributable to increased time on task. There was no main effect of drug or drug 3 depth interaction on reaction time (P > 0.05).
Item recognition (Pr) scores are shown in Table 2 . There was significant effect of depth for both lists 1 and list 2, with item recognition greater for deep compared to shallow items under all treatment conditions [repeated-measures ANOVA; list 1: F (1,11) = 6.287, P = 0.029; list 2: F (1,11) = 6.74, P = 0.025]. There was no significant effect of drug on item recognition for either list (P > 0.05).
fMRI Results: Effects of Ketamine on Encoding Placebo Depth of Encoding. Regions within the fronto-hippocampal ROI that showed greater activity during the deep relative to the shallow encoding task, and survived the set threshold of P < 0.005, are shown in Figure 2A and detailed in Table 3A . These regions included bilateral (predominantly left) inferior frontal gyrus, medial prefrontal cortex and bilateral hippocampus.
Subsequent Memory Effect. Items that were subsequently remembered at test were associated with increased activity in left hippocampus and anterior cingulate compared to items that were subsequently forgotten (see Fig. 2B and Table 3B ).
Drug Effects Depth of
Encoding. An effect of drug treatment on the depth of processing was observed in left ventrolateral prefrontal cortex (MNI x,y,z coordinates: -24 38 -12) [repeated-measures ANOVA; F (2,22) = 9.76; Z = 3.11; p = 0.001] (see Fig. 3A ). Post hoc paired t-tests between placebo and the 100 ng/ml ketamine condition indicated that this represented an increased response Table 3 . under ketamine. Inspection of the depth of processing contrasts for the placebo data and ketamine data indicated that this region was active for shallow compared to deep items under placebo and deep compared to shallow items under ketamine. It is evident from the plot of the parameter estimates across conditions that this represented a linear dose-dependent increase across the three treatments (see Fig. 3B ).
Subsequent
Memory. An effect of drug treatment for items subsequently correctly identified compared to items subsequently forgotten was observed in the right inferior frontal gyrus [MNI: 54 6 16; F (2,22) = 13.79; Z = 3.65; P = 0.0001]. Post hoc comparisons showed that activation was significantly increased under the 100 ng/ml ketamine condition compared to placebo (see Fig. 4A ). Inspection of the within-treatment contrast between correct and incorrect items indicates that this region was not activated under placebo, and was increased for correct items under ketamine. The plot of the parameter estimates indicates that while increased activation of this region was evident for the 100 ng/ml condition, the 50 ng/ml condition was associated with reduced activity (see Fig. 4B ).
fMRI Results: Effects of Ketamine on Retrieval
Placebo Depth of Prior Encoding. Bilateral regions of dorsal and ventral lateral prefrontal cortex showed greater activity during retrieval for items that had previously been deeply encoded compared to shallowly encoded items (see Table 4A and Fig. 5A ).
Correct versus Incorrect Item Recognition. There were no regions that demonstrated increased activation for items which were correctly identified, at the threshold of P < 0.005. However, incorrectly identified items were associated with increased activation in bilateral anterior cingulate cortex (see Fig. 5B and Table 4B ).
Old versus New Items. Response to previously presented items was not associated with increased activation in comparison to new items. However, increased activation for new compared to old items was observed in extensive regions of bilateral medial and lateral frontal cortex, and rostral and posterior aspects of bilateral hippocampus (see Fig. 5C and Table 4C ).
Drug Effects Depth of Prior
Encoding. An effect of drug treatment on the contrast between retrieval of items that had previously been . Increased activation of right prefrontal cortex during encoding under ketamine compared to placebo, associated with items which were subsequently correctly identified, compared to incorrectly identified items. Activation was reduced for the 50 ng/ml condition. deeply encoded, compared to shallowly encoded items, was observed in the left middle frontal gyrus [MNI: -40 42 12; F (2,22) = 9.10; Z = 3.02; P = 0.001] (see Fig 6A) . Post hoc paired t-tests between placebo and the 100 ng/ml ketamine condition indicated that this represented a reduced response under ketamine. Inspection of the within-treatment depth of processing contrasts indicated that this region was active for retrieval of deeply compared to shallowly encoded items under placebo, and no activation was evident under ketamine treatment. It is evident from the plot of the parameter estimates across conditions that this represented a linear dose-dependent reduction across the three treatments (see Fig. 6B ). Fig. 7 ). Post hoc t-tests indicated that this represented an increased response under ketamine. The foci in the anterior cingulate was also observed under placebo treatment, with an increased response to incorrectly identified items, compared to correct identification, and an increased response to incorrectly identified items under ketamine. The other regions for which an effect of drug modulation were observed were outside the network identified under placebo, but were evident for incorrect compared to correct items under ketamine. Inspection of the parameter estimates across treatments shows that an increased response was also observed in the 50 ng/ml condition in all regions, with the exception of the right inferior frontal foci (see Fig. 7 ). Fig. 8 ). Post-hoc t-tests indicated that this represented an increased response under ketamine compared to placebo. All of these regions also showed increased activation under placebo to new items, compared to those presented at encoding, but an increased response to old compared to new items under ketamine. Inspection of the parameter estimates across treatments shows that a linear dose response was observed across conditions for the bilateral frontal foci. In the right hippocampus, activation was increased under 100 ng/ml ketamine, but was reduced for the 50 ng/ml condition (see Fig. 8 ).
Correct versus Incorrect Item
Summary of Results
There were two notable effects of ketamine on encoding. Firstly, increased activation of a region of left prefrontal cortex was observed under ketamine treatment to deeply encoded items (Fig. 3) . This region showed relatively greater activation for shallowly encoded items under placebo. Secondly, items which were subsequently correctly identified under ketamine were associated with increased activation of right prefrontal cortex during encoding compared to incorrectly identified items (Fig. 4) . This region was not a predictor of subsequent memory under placebo. The effect of ketamine on retrieval was to reduce activation of a region of left prefrontal cortex observed under placebo for items which had previously been deeply encoded, compared to shallowly encoded items (Fig. 6) . Items which were incorrectly identified at retrieval were associated with increased activation of right prefrontal cortex and left hippocampus, which was not evident under placebo, and increased activation of the anterior cingulate which was evident for incorrectly identified items under placebo (Fig. 7) . Finally, increased activation was observed in bilateral prefrontal cortex and left hippocampus under ketamine for items which had previously been presented at encoding, compared to new items (Fig. 8) ; conversely, these regions were increased for new items under placebo compared to old items.
Discussion
The current study demonstrates modulation of task-dependent frontal and hippocampal activation during episodic memory following NMDA receptor blockade via administration of subdissociative doses of ketamine. The pattern of changes may provide some indication of the cognitive nature of mnemonic changes produced by ketamine and we consider these below. Furthermore, while existing behavioural studies have proven sensitive to the effects of ketamine at encoding (Oye et al., 1992; Hetem et al., 2000; Honey et al., 2005) , using fMRI we have shown that there are nevertheless profound effects of the drug when encoding occurred prior to drug administration. These effects on episodic retrieval are consistent with reduced access to contextual features of studied items. Such a reduction would be associated with, for example, changes in source memory ability, an effect that we have indeed observed in our previous work on the behavioural effects of ketamine (Honey et al., 2005) .
The Effects of Ketamine at Encoding
In brief, ketamine produced two significant effects on encoding: an increased left frontal activation associated with the deep (compared to the shallow) encoding task and an additional subsequent memory effect in right lateral prefrontal cortex. While we provide some tentative explanations for these findings in the following two paragraphs, we do so with caution since the observations were not predicted and since the pattern is difficult to explain parsimoniously.
Under placebo, activation in the left hippocampus at encoding predicted subsequent memory, as expected (Brewer et al., 1998; Wagner et al., 1998b; Henson et al., 1999b; Kirchhoff et al., 2000; Otten et al., 2001) . Under ketamine administration, right lateral prefrontal cortex also predicted subsequent successful recognition. Otten et al. (2001) also showed a subsequent memory effect in right prefrontal cortex and suggested that such activation, also observed in non-verbal episodic memory tasks (Brewer et al., 1998; Wagner et al., 1998a; McDermott et al., 1999) , could reflect incidental non-verbal strategies. Our observation would be consistent with an increase in such incidental non-verbal processing under ketamine, a phenomenon that, at higher doses than those used here, is associated with thought disorder (Malhotra et al., 1996; Adler et al., 1999; Duncan et al., 2001 ). In the current study, though this processing is incidental to task demands, it may have beneficial effects on episodic memory, as indicated by the fact that activity in right prefrontal cortex is predictive of subsequent memory under ketamine.
Ketamine also produced a dose-dependent increase in the left frontal response to the deep encoding task. There was no evidence for increased activation in this area of left prefrontal cortex for deeply encoded items on placebo (indeed there was trend towards increased activation for the shallow condition; P < 0.05, uncorrected). The precise nature of this effect is presently unclear. Left inferior frontal gyrus activation during semantic processing tasks has been discussed in terms of controlled retrieval (Wagner et al., 2001) , selection (ThompsonSchill et al., 1997) and sculpting operations (Fletcher et al., 2000) , among others (Fletcher and Henson, 2001 ). While our data are unable to specify the effects of ketamine more fully, it is possible that increased activation of this region in response to the pleasant/unpleasant judgement may reflect difficulties in identifying and selecting the semantic attributes that are relevant to such a judgement. This effect may underlie findings reported at higher doses and with greater task demands, for which performance is measurably impaired and is accompanied by disordered thinking (Adler et al., 1998) .
The Effects of Ketamine at Retrieval
Ketamine also had significant effects on the frontal and hippocampal activity during retrieval of episodic information. This is a novel finding given the existing behavioural psychopharmacological data (Oye et al., 1992; Hetem et al., 2000; Honey et al., 2005) and highlights the complementarity of the psychopharmacological fMRI approach to delineating the cognitive effects of the drug. We have shown that ketamine was associated with an attenuation of the left prefrontal response to items that had been deeply encoded. This left frontal response under placebo is consistent with previous data suggesting that retrieval based upon semantic features is associated with greater left prefrontal cortex activation (Fletcher et al., 1996; Cabeza et al., 2003) . It is also consistent with studies suggesting left prefrontal cortex involvement when retrieval is accompanied by memory for source (Nolde et al., 1998; Henson et al., 1999a; Rugg et al., 1999) . The reduced activation under ketamine may indicate a failure to retrieve the contextual detail that would normally accompany recollective processing.
If this conclusion -that accompanying contextual details may be attenuated when ketamine is present at retrieval -is correct, then it suggests that retrieval would become more demanding under drug administration. Our further analyses are consistent with this suggestion: ketamine was associated with increased activation of bilateral prefrontal cortex and right hippocampus in association with studied compared to new items. Henson and colleagues have shown that lateral prefrontal cortex activation is greater for items in which the memory trace is reduced (Henson et al., 1999b) , suggesting the importance of this region in monitoring the products of retrieval. Clearly, if there is less access to contextual detail then increased monitoring and hence prefrontal cortex activation would be expected under ketamine. The opposite relationship was observed under placebo, with these regions responsive to new compared to studied items. Increased activation of these regions under placebo presumably reflects an increased search of memory stores for which the subject could have had no memory trace (Schacter et al., 1996) . Interestingly, we also found an effect of ketamine upon errorrelated activation. Anterior cingulate activation was greater in response to incorrect trials, both misses and false positives. This is consistent with the findings of Carter et al. (1998) that anterior cingulate cortex contributes to performance monitoring by detecting errors and response conflict, and shows increased activation to erroneous responses. Under ketamine, anterior cingulate activity was actually reduced for incorrect compared to correct responses: a further suggestion that recognition under the drug may be impoverished.
One cautionary note is important: it might be argued that characterizing the effects of ketamine, or any drug, upon taskspecific brain activity, is ultimately confounded by the possibility that the drug has an impact upon baseline activation. That is, the changes in activation are actually produced by a shifting baseline rather than by a change in the brain response to the task itself. With this in mind, we chose not to use 'baseline' events in the current study. Consequently, all comparisons that we report are related to differentiations within the memory tasks rather than to changes relative to a low level baseline or resting condition. Thus, we have avoided relying upon an underspecified baseline condition in the hope that our interpretations of the drug effects may stand on firmer ground.
Ketamine as a Model for Schizophrenia?
Overall, the findings in this study have implications for the ketamine model of schizophrenia. Of course, the comparison of the current data with previous studies involving patients is complicated by several considerations. First, the present study necessarily involved acute infusion, however one might conjecture, although it would be almost impossible to test, that chronic administration of PCP and ketamine could provide a more valid model of schizophrenia (Tsai and Coyle, 2002) . Second, a key aim in this study was to dissociate the effects of ketamine on encoding and retrieval processes. Clearly, such a dissociation would be impossible in people with schizophrenia. Finally, the comparison to studies with schizophrenia is complicated by the use of resting baseline measures in patient studies of episodic memory; this was avoided in the present study, as there is substantial evidence that baseline measures of metabolism are disrupted in frontal and hippocampal regions at http://cercor.oxfordjournals.org/ rest following ketamine treatment Breier et al., 1997; Vollenweider et al., 1997a,b; Holcomb et al., 2001) . Nevertheless, our observation of regional changes during episodic memory following ketamine treatment resemble those reported in patients with schizophrenia. Studies of verbal encoding have shown that patients with schizophrenia show reduced activation of right (Hofer et al., 2003) and left (Ragland et al., 2001 ) prefrontal cortex and left hippocampus (Jessen et al., 2003) during verbal encoding, and reduced right hippocampal activation during encoding of visual information (Leube and Erb, 2002; Eyler Zorrilla et al., 2003) . Frontal and hippcampal deficits have also been reported during episodic retrieval (Heckers et al., 1998; Ragland et al., 2001; Weiss et al., 2003) , and are dependent on the depth of processing at encoding (Heckers et al., 1998) .
The mechanism by which ketamine disrupts frontal and hippocampal function during episodic memory remains unknown. Ketamine administration leads to a blockade of NMDA receptors, and consequent hypoactivity. NMDA receptors are located throughout the brain, but the highest densities are found in the cortex, limbic system and striatum (Monaghan and Buller, 1995) . This mechanism may therefore relate to our finding of reduced frontal activation during retrieval of deeply encoded items. However, acute administration of ketamine also results in increases in both cortical glutamate and dopamine (Moghaddam et al., 1997) most likely via stimulation of non-NMDA glutamate receptors. Alternatively, NMDA receptor antagonists also modulate GABAergic transmission, resulting in a disinhibition of cortical GABAergic activity on monoaminergic neurons (Yonezawa et al., 1998) . These effects may relate to increased cortical metabolism at rest Breier et al., 1997; Vollenweider et al., 1997a,b; Holcomb et al., 2001) , and the increased activation under cognitive challenge described in the present data.
In conclusion, we have demonstrated that, even in the absence of measurable behavioural deficits, ketamine has a modulatory effect on task-specific frontal and hippocampal activations. These changes occurred at both the encoding and retrieval of episodic memory. Our findings are consistent with studies reported using animal models, and with the suggested role for NMDA receptor function in this episodic memory system. This work provides insights into the influence of ketamine upon the cognitive processes that underpin episodic memory. Moreover, these are important observations with regard to future evaluations of ketamine as a model for schizophrenia.
